Abstract: Model-driven control has very interesting and attractive characteristics from a practical point of view and has been applied to steel process control. This paper focuses on two of those examples; one is an application of the disturbance observer in continuous casting and the other is that of IMC in hot rolling. The relationship between the two model-driven control architectures is clarified and the origin of their practical usefulness is discussed through the above applications.
INTRODUCTION
When a controller is designed for a real plant, some mathematical model of the plant is required. Availability of a precise model of the plant is a prerequisite for the application of modern control theory to real systems. In this sense, any modern control is model-based. The model-driven control discussed in this paper distinguishes itself from other control schemes by its structure; it contains an explicit model of the plant in its structure (Kimura, 2002) . This control structure is not only important from a theoretical point of view in the sense that it can be viewed as a parametrization of a certain class of plants, but also very interesting and attractive from a practical point of view. Its transparent and straightforward architecture allows designers of controllers a good perspective on parameter setting when designing and tuning those controllers. A control scheme called "disturbance observer", which has been applied to continuous casting, hot rolling and cold rolling, can be viewed as a special form of Internal Model Control (IMC), which is a typical model-driven control. In this paper, the relationship between the disturbance observer and IMC is clarified and the origin of practicality of these control schemes is discussed through two applications of model-driven control in continuous casting and hot rolling. Fig. 1 shows the structure of IMC. IMC is typical modeldriven control, where the explicit internal model P is located in parallel with the plant P , and the difference between the plant output y and the model output ỹ is fed back to the plant and the model through the free parameter Q . IMC is the parametirization of all internally stabilizing controllers for a stable plant Zafiriou, 1989, Doyle et al., 1992) .
STRUCTURE OF MODEL-DRIVEN CONTROL

Internal Model Control and disturbance observer
If there is no model error ( P P= ), then the inputs and outputs are related through the following transfer matrix:
The IMC system in Fig. 1 is internally stable if and only if both the plant P and the free parameter Q are stable. Since the plant P can be assumed to be stable in most steel processes, closed-loop stability is assured and control performance is determined only by the free parameter Q, which makes online tuning of the IMC controller very convenient. Fig. 2 shows the structure of the disturbance observer based on the inverse model P / 1 . The free parameter Q' has to be chosen in such a way that the product of the inverse model and the free parameter pass characteristic. The transfer function from the disturbance d to the manipulated variable u is described by (2), hence the name "disturbance observer":
(2)
The block diagram in Fig. 3 is equivalent to that in Fig. 2 except that the controller
is located in the forward loop. The block diagrams in Figs. 1 and 3 are equivalent when
In this sense, the block diagram can be viewed as the IMC representation of the disturbance observer. The inputs and outputs of the system in Fig. 3 are related through the following transfer matrix:
Therefore, the closed loop system in Fig. 3 is internally stable for a stable plant P by choosing Q′ such that
is stable and proper. In general, the sensitivity and the complementary sensitivity functions are each a nonlinear function of the controller C. In the case of the IMC, they are
,
respectively. In the case of the disturbance observer, they are
respectively. This means that the sensitivity and the complementary sensitivity functions can be directly specified by the free parameter Q or Q', which allows a transparent and straightforward way of designing and tuning controllers and makes these two control structures very practical. 
Two-degree-of-freedom disturbance observer
Both IMC and disturbance observer are practical and attractive as a control structure in process control. However, to replace the existing controller with a new control scheme comes with a risk. If a new control structure can be introduced by adding some control modules to the existing controller, it will greatly help on-line tuning. This can be achieved by utilizing a two-degree-of-freedom (TDOF) structure shown in Fig. 4 , where C is the existing controller and f K is a gain with a value between 0 and 1. The new control system becomes identical to the existing controller when the gain f K is set to zero. The optimal value for f K can be obtained through one-directional search without giving drastic changes in the control response. The dynamic relationship between the reference signal r , the disturbance d and the output y is described by the following equation:
The sensitivity and the complementary sensitivity functions are
respectively. They are still linear with respect to the free parameter Q′ . One of the advantages of the TDOF structure is that the disturbance is observable when the disturbance observer is off-line (
To utilize this advantage, the cut-off frequency of Q′ should be higher than that in Fig. 3 so that the disturbance is clearly visualized while conducting closed-loop control by using the existing controller C . Required disturbance rejection can be easily obtained by observing the disturbance through the observer and gradually increasing the gain
Robust control design
In practical applications, there are inevitably some model errors. Therefore, control parameters have to be designed so that robust stability of control systems is guaranteed against the model uncertainty. Fig. 5 shows a block diagram representation of the multiplicative uncertainty, where the relation between the nominal plant P and the perturbed plant P can be described as follows:
where Δ is a stable transfer function satifying W is a frequency weight bounding the uncertainty. Let's assume that the control system in Fig. 4 is internally stable when the plant is not perturbed ( 0 = Δ ). Then the control system is robustly stable with the controller C if and only if the following inequality is satisfied.
where the complementary sensitivity function T in this case is a nonlinear function of the controller C as follows:
In the case of IMC, since the complementary sensitivity function of which is given by (6), the robust stability condition is described as follows:
In the case of the disturbance observer, the complementary sensitivity function is given by (7), resulting in the robust stability condition:
The robust stability condition for these two control schemes can be described directly by using the free parameter Q or Q'. In other words, the restriction on the closed-loop transfer function T imposed by the presence of the model uncertainty can be easily taken into consideration when designing and tuning these controllers. In the case of the TDOF disturbance observer in Fig. 4 , the robust stability condition is described by the following inequality:
APPLICATION IN CONTINUOUS CASTING
Molten steel level control in the mold
The continuous casting is the process for molding molten steel into solid slabs. A schematic diagram of a typical continuous casting process is shown in Fig. 6 . The ladle acts as a reservoir for the molten steel and the tundish acts as an intermittent reservoir which retains a constant supply to the mold when the ladle is being replaced by a full one. The molten steel is continuously cast through the immersion nozzle in the mold, which is made of copper and constantly cooled by water. The cast steel undergoes two cooling processes. Primary cooling occurs in the mold and produces a supporting shell around the still liquid center. This solidified strand is continuously drawn by the pinching rollers, followed by the secondary cooling stage, and cut by the gas torch into slabs. Securing the stability of the molten steel level in the mold is a key factor in ensuring the surface quality of slabs. During casting operations, flux powder is scattered on the surface of the molten steel in the mold. The powder melts on the surface of the molten steel and lubricates between the mold and the solidified steel. Fluctuations of the molten steel level tend to stir the flux powder and other foreign particles into the molten steel, resulting in surface defects of slabs, such as pinholes and inclusions. Tight mold level control can drastically reduce the cost for inspection and grinding, so steel companies have made continuous efforts to improve performance of the molten steel level control in the mold. A schematic diagram of a typical molten steel level control is depicted in Fig. 7 , with the eddy-current sensor measuring the molten steel level. The sliding nozzle, which consists of two or three refractory plates with orifices, is an actuator for regulating the molten steel flow. The opening of the sliding nozzle is manipulated by the stepping cylinder based on PI(D) calculation of differences between the level setpoint and the measured level.
Control problem and conventional approach
There are some potential impediments to tight molten steel level control, among them disturbances and uncertainties of the continuous casting process. Impurities in the molten steel deposit inside the immersion nozzle and the deposits occasionally break away suddenly, which causes a sudden increase of the inflow into the mold as well as changes in the process gain. Another disturbance is dynamic bulging of the strand, which is caused by internal ferrostatic pressure acting on the solidifying strand shell beneath the mold. The bulging causes sinusoidal changes of the outflow from the mold. Various approaches including adaptive control (Hesketh et al., 1993) , nonlinear cascade control (Graebe, 1994) and ∞ H control (Kitada et al., 1998) have been applied to improve the molten steel level control. These approaches, however, have not yet been reported to succeed in suppressing sudden molten steel level changes caused by the unclogging of the immersion nozzle. 
Control scheme based on disturbance estimation
The basic idea of the developed molten level control scheme is to estimate the flow disturbance by the disturbance observer and to cancel it by manipulating the sliding nozzle. The flow disturbance is defined as the difference between the inflow and outflow in the mold caused by physical disturbances such as the clogging and unclogging of the immersion nozzle and the bulging of the strand. The TDOF disturbance observer was implemented in an actual control system for continuous casting, by adding the disturbance observer into the existing PI controller as shown in Fig. 8 . In Fig. 8 , it is assumed that the inflow rate q is proportional to the sliding nozzle opening x . The flow coefficient C G denotes the constant of proportionality:
Denoting the flow disturbance d , and denoting the transfer function from the inflow q to the mold level by P , the mold level y is described as follows:
where A is the cross sectional area of the mold. Based on (14)~(16), using the model of the flow coefficient C G and that of the mold P , the disturbance observer can be configured as shown in Fig. 8 . If there is no mismatch between the plant P and the model P , the output of the disturbance observer d becomes
which means that the flow disturbance is observed through a low-pass filter Q . The estimated disturbance d is multiplied by the gain In this formulation, the dynamics of the sliding nozzle a G is ignored, which can result in insufficient cancellation of the disturbance flow. This can be improved by incorporating the actuator model a G into the disturbance compensator as shown in Fig. 9 . In this case, the low-pass filter Q becomes of a higher order, because it has to be chosen in such a way that 
Experimental results
Fig. 10 compares control performance of the conventional and the developed molten steel level controllers in an actual continuous casting machine. The estimated flow disturbance control plotted in Fig. 10(b) shows that a sudden increase in the inflow due to unclogging in the immersion nozzle occurred, followed by gradual decrease in the inflow due to clogging, and that a sudden increase occurred again. The difference of the actuator position before and after the step disturbance is an index of the magnitude of the disturbance. The index indicates that the disturbances in Fig.  10 (a) and (b) are almost of the same size. In the case of the developed TDOF controller, the actuator is manipulated according to the estimated disturbance and the amplitude of the molten steel level deviations is decreased by a factor of 3. In this case, the gain f K is set to 0.65, which can be easily tuned on site by observing the control performance. 
APPLICATION IN HOT ROLLING
Tension and looper control in the finishing mill
The purpose of hot rolling is to turn reheated steel slabs into strips. Fig. 11 shows a schematic diagram of a typical sevenstand finishing mill. In the finishing mill, a sheet bar transported from the preceding roughing mill is further reduced to the final thickness in the presence of inter-stand tension. Inter-stand tension control is a key factor to stable rolling operations. An arm-like structure called "looper", which pivots on the drive axis driven by an electric motor, is implemented between stands as schematically shown in Fig.  12 . The purpose of the looper is to adjust the amount of stored strip between the stands by adjusting the looper angle. At the same time, excess movement of the looper should be avoided for stable operations, so the problem is simultaneous control of the looper angle θ and inter-stand tension σ by manipulating the roll peripheral velocity R V and the looper angular velocity ω .
Several multivariable control schemes have been applied to this problem, including interaction decoupling (Kotera and Watanabe, 1981) , LQ control (Seki et al., 1991) , ∞ H control (Imanari et al., 1997) , adaptive receding horizon control , feedback linearization and MPC (Choi et al., 2008) . These multivariable control schemes result in complicated controllers that are hard to tune on site and to maintain. Fig. 11 . Typical 7-stand hot strip finishing mill. 
Decentralized TDOF tension / looper control scheme
The author applied the TDOF control scheme in Fig. 4 to both tension and looper angle control (Asano et al., 2000) , as shown in Fig. 13 to form a decentralized control structure.
denotes the transfer function corresponding to each element of the two-input two-output inter-stand and looper dynamics. The detail of the model (Asano et al., 2000) is omitted here for the lack of the space. It should be noted that the manipulated variables for the tension and looper control loops are the roll velocity and the looper angular velocity, respectively. This input-output pairing is very important in terms of applicability of decentralized control. The use of decentralized control invariably leads to performance deterioration when compared to the system with a full controller, but the deterioration depends on the ignored off-diagonal elements of the plant, namely interactions. Therefore, it is very important to evaluate the effect of the interactions to determine the control structure. Asano et al. (2000) showed that the interactions can be ignored when the pairing of manipulated and controlled variables is chosen as shown in Fig. 13 by using an interaction measure based on the structured singular value (Grosdidier and Morari, 1986) . Each of the two subsystems in the TDOF control structure is completely independent from each other in the sense that the individual loops can be tuned or detuned without affecting the stability of the whole control system. In addition, the TDOF structure enables comprehensible step-by-step on-site tuning by adding the disturbance compensator after the main PI controllers are tuned. These characteristics allow an easy way of designing and tuning controllers and excellent maintainability. 
Experimental results
Fig. 14 compares responses of two control schemes to 0.1 mm step changes of the roll gap reference. The vertical axis in each plot is normalized. In the conventional control, the roll velocity is manipulated to regulate the looper angle, while the looper motor torque is not manipulated for feedback purposes because the tension is not measured in this case. Compared to the result in the conventional control scheme, the settling time of tension is reduced by a factor of two by the decentralized control. In addition, no significant looper angle fluctuation arises in the decentralized controller, while a large amount of looper angle fluctuation is observed in the conventional controller. 
ADVANTAGES OF MODEL-DRIVEN CONTROL
As exemplified by these two applications, the model-driven control is very attractive from a practical point of view. Its advantages can be summarized as follows: (1) Straightforwardness: Each element of the controller allows physical interpretations such as a plant model and a low-pass filter. The output of the controller is estimate of disturbances, which can be observed while conducting feedback control in the case of the TDOF control scheme. These characteristics make the control structure very comprehensive for engineers. (2) Linearity: The sensitivity and complementary sensitivity functions are linear with respect to the free parameter, which makes parameter tuning of the controller very convenient. Robust control design is easily accomplished through tuning a few parameters. These advantages allow engineers a good perspective on parameter setting when designing, tuning and maintaining controllers, which is essential for a practical control scheme.
CONCLUSIONS
Advantages of the model-driven control were discussed by featuring IMC and the disturbance observer. Although these control schemes themselves are very attractive from a practical point of view, the two-degree-of-freedom modeldriven control was introduced to make on-line tuning even easier. Practicality of the proposed control scheme comes from its straightforwardness and linearity with respect to its parameter, which were exemplified by the two applications in continuous casting and hot rolling.
